Objective: Problem-based charting (PBC) is a method for clinician documentation in commercially available electronic medical record systems that integrates note writing and problem list management. We report the effect of PBC on problem list utilization and accuracy at an academic intensive care unit (ICU). Materials and Methods: An interrupted time series design was used to assess the effect of PBC on problem list utilization, which is defined as the number of new problems added to the problem list by clinicians per patient encounter, and of problem list accuracy, which was determined by calculating the recall and precision of the problem list in capturing 5 common ICU diagnoses. Results: In total, 3650 and 4344 patient records were identified before and after PBC implementation at Stanford Hospital. An increase of 2.18 problems (>50% increase) in the mean number of new problems added to the problem list per patient encounter can be attributed to the initiation of PBC. There was a significant increase in recall attributed to the initiation of PBC for sepsis (b ¼ 0.45, P < .001) and acute renal failure (b ¼ 0.2, P ¼ .007), but not for acute respiratory failure, pneumonia, or venous thromboembolism. Discussion: The problem list is an underutilized component of the electronic medical record that can be a source of clinician-structured data representing the patient's clinical condition in real time. PBC is a readily available tool that can integrate problem list management into physician workflow. Conclusion: PBC improved problem list utilization and accuracy at an academic ICU.
their expertise to summarize clinical data into structured patient assessments in the form of problem lists, which are an important medium of data used to quickly communicate with other clinicians and formulate treatment plans. If linked to the EMR, electronic problem lists can be a source of structured clinical data used to more effectively communicate information for direct patient care, as well as for a broad array of informatics applications. 4 For example, the electronic problem list in a patient's chart can be an abbreviated summary of the patient's most updated health condition, which can be quickly shared among different specialists and care teams to maintain continuity of care, compared to the method that most clinicians currently employ, manually searching through individual progress notes for each patient encounter to formulate the most updated problem list, which is then saved in another free-text progress note. Further, accurate electronic problem lists could improve physicians' adherence to practice guidelines for chronic conditions such as heart failure 5 and could be used as data inputs for informatics tools such as clinical decision support systems and data-mining algorithms. 6 The Institute of Medicine has recommended that every EMR contain an updated problem list, a feature that is also required under Meaningful Use Stage 3.
7
With most current EMR designs, however, electronic problem lists are often incomplete, inaccurate, and outdated, making them unreliable sources of clinical data and limiting their utility in unlocking the EMR's data-processing potential. 8 Although clinicians often do create problem lists when assessing patients, they are usually saved in unstructured free-text form in individual progress notes rather than in the electronic problem list. 9 Several possible reasons exist for this pattern of use. While most modern EMR designs include an electronic problem list in each patient chart that can be modified by adding, deleting, and editing problems, doing so requires extra steps that must be performed in the EMR in addition to completing a progress note for the chart. Multiple physicians from different specialties are often involved in an individual patient's care and access the same chart in the EMR, but it is often not clear which physician is responsible for performing the additional step of managing the problem list as part of the charting workflow. Results from one study suggest that this burden often falls disproportionately to primary care physicians, 10 who already experience significant time pressures and have difficulty taking on this additional task consistently. Electronic problem lists that are inaccurate and incomplete further discourage clinicians from using and updating them, creating a vicious cycle that increasingly complicates problem list management.
11
Several approaches to improving the electronic problem list have been reported. Some health care institutions have promoted electronic problem list management by linking problem list items to billing codes and offering financial incentives, but this strategy has had only limited success with problems describing major comorbidities that are associated with pay-for-performance metrics. 4 Automated inference-based clinical decision support approaches to problem list management have also been described and hold promise, but require the creation of prespecified inference rules for each diagnosis and have not been used in any significant capacity in the clinical setting. 12 Neither approach, however, directly addresses the question of how to better capture and structure the problem lists that many clinicians are already generating and storing in free-text progress notes. Problem-based charting (PBC) is a note-writing tool in the Epic EMR system that integrates electronic problem list management into the process of completing patient encounter notes. In a similar fashion to the problem-oriented medical record first introduced by Weed,
OBJECTIVE
In November 2013, PBC was introduced as the required method of charting for all clinicians staffing the intensive care unit (ICU) at Stanford Hospital using the Epic EMR system. We herein report an interrupted time series study at an ICU of an academic institution to Figure 1 . Overview of problem-based charting in Epic (A) The clinician is able to chart the subjective and objective portions of a progress note using free text in the PBC template. (B) The assessment and plan portion of the progress note is written in free text under the corresponding problem list item in the PBC template. New problems can be added by searching the problem in a search box using free text, which then becomes added to the problem list. A progress note can then be automatically generated from the content inputted in the subjective and objective portions and the problem list. (C) The electronic problem list is automatically updated with the hospital problems added during PBC.
evaluate the effectiveness of PBC in improving the utilization and accuracy of the electronic problem list.
METHODS
We conducted an interrupted times series study of patient encounters in the ICU at Stanford Hospital over 48 consecutive months from November 1, 2011 to November 1, 2015, which included 24 months before (pre-PBC) and after (post-PBC) the initiation of PBC as the standard method of charting by ICU clinicians. While it was technically possible to generate non-PBC notes in Epic, PBC use was strictly enforced by the ICU leadership, and attending physicians were instructed to not cosign resident notes unless they were written with PBC. The study was approved by the Stanford Institutional Review Board. No other institution-wide policies were implemented during this time related specifically to problem list management. Patient data were queried and extracted from the EMR via the Stanford Translational Research Integrated Database Environment (STRIDE) clinical data warehouse 13 and hospital administrative records. Frequencies of total numbers of new problems for hospitalizations added to electronic problem lists by clinicians were ascertained per patient encounter to evaluate for problem list utilization.
To assess problem list accuracy, we calculated the recall (sensitivity) and precision (positive predictive value) of 5 common ICU conditions -sepsis, acute respiratory failure, acute renal failure, pneumonia, and venous thromboembolism -for the portion of the problem list that contained newly added problems for hospitalizations with respect to the billing code list as the reference standard. The billing code list consisted of International Classification of Diseases, Ninth Revision (ICD9) codes that were independently extracted for each patient encounter by trained medical coders for billing and administrative purposes. Coders are trained to evaluate the entire patient chart, including notes and orders (but not the electronic problem list), to extract diagnostic codes after the patient encounter is completed. A manual chart review of 100 randomly selected pre-and post-PBC encounters was performed by 2 internal medicine physicians, and interrater agreement with the billing code list was determined by calculating percentage agreement and Cohen's kappa for each diagnosis. The recall for each clinical condition was calculated by dividing the total number of patient encounters that contained the corresponding ICD9 codes in both the billing code list and the problem list (true positives) by the number of patient encounters that contained the corresponding ICD9 codes on the billing code list (prevalence). Precision, or positive predictive value, was calculated by dividing the true positives by the total number of encounters that contained corresponding ICD9 codes on the problem list. Statistical comparisons of outcomes between pre-and post-PBC periods were performed using t-tests, chi-squared tests, and interrupted time series analyses, using an ordinary least squares segmented regression model with reported beta coefficients representing the differences in the slopes of the pre-and post-PBC regression lines. 14 The time series was constructed with the arithmetic means of observations over 3 consecutive-month periods (quarters).
RESULTS
In total, 3650 and 4344 patient encounters were identified in the pre-PBC and post-PBC periods, respectively. There were no significant differences in the distributions of age, gender, race, smokers, and length of stay between the 2 groups (Table 1) .
Clinicians in the post-PBC period added a higher mean number of new problems per encounter compared to the pre-PBC period (6.2, standard deviation [SD] 4.7 vs 3.6, SD 3.2, P < .001). The interrupted time series analysis demonstrated that an increase of 2.18 problems (>50% increase) to the mean number of new problems added to the electronic problem list per patient encounter can be attributed to the initiation of PBC ( Figure 2 ).
We evaluated for the presence of change in the recall and precision of the electronic problem list in capturing 5 common ICU conditions after the initiation of PBC. The pre-and post-PBC frequencies of the patient encounters containing the corresponding ICU condition on the electronic problem list, the true positive patient encounters for each queried ICU condition (the queried ICU condition was present in both the electronic problem list and the billing code list), and the overall prevalence of those conditions (the queried ICU condition was present on the billing code list) along with the pre-and post-PBC recall and precision are listed in Table 2 .
The recall of the electronic problem list was higher in the post-PBC period for all 5 queried ICU conditions: sepsis (9% vs 40%, P < .001), acute respiratory failure (35% vs 59%, P < .001), acute There were no significant differences in patient population before and after PBC was initiated in the Stanford ICU. Interrupted time series analysis of problem list utilization before and after the initiation of problem-based charting, as measured by the number of new problems added to the electronic problem list. There was a significant increase of 2.18 problems (>50% increase) to the mean number of new problems added to the problem list that can be attributed to the initiation of PBC.
renal failure (35% vs 56%, P < .001), pneumonia (29% vs 37%, P < .001), and venous thromboembolism (29% vs 42%, P < .001). The precision for all 5 conditions remained unchanged in the post PBC period: sepsis (96% vs 95%, P ¼ .3), acute respiratory failure (95% vs 95%, P ¼ .2) acute renal failure (97% vs 98%, P ¼ .59), pneumonia (76% vs 77%, P ¼ .3), and venous thromboembolism (84% vs 84%, P ¼ .5). However, the interrupted time series analysis demonstrated that there was a significant increase in recall attributed to the initiation of PBC for sepsis (b ¼ 0.45, P < .001) and acute renal failure (b ¼ 0.2, P ¼ .007), but not for acute respiratory failure, pneumonia, or venous thromboembolism (Figure 3 ). Interrater agreement between physician review and the billing code list is reported in Table 3 .
DISCUSSION
The electronic problem list is an underutilized component of many EMRs that can be a source of high-quality structured clinical data generated by clinicians at the time of patient encounters. An actively managed electronic problem list can serve as a dynamic table of contents for the medical record that reflects the evolving clinical The numbers of patient encounters and the percentages of the total study population are reported. Recall for all 5 ICU problems significantly increased in the post-PBC period, while precision remained unchanged. condition of a patient in real time. The design and implementation of EMR interfaces that reorganize and structure information in such a way that can better support clinicians' cognitive needs and workflow, as well as informatics applications such as point-of-care clinical decision support tools and EMR phenotyping, is an important step toward achieving our national priority of developing better technologies to capture and organize electronic clinical data for a learning health care system. 15, 16 Our study demonstrates that PBC, a readily available, albeit not widely used, feature of commercially available EMR platforms such as Epic, can improve both problem list utilization and accuracy, suggesting that it may be a viable tool to help clinicians more effectively manage electronic problem lists. Our data show a significant increase in problem list utilization and accuracy for multiple ICU diagnoses after PBC was introduced. Using interrupted time series analysis, we find that for 2 of the 5 ICU conditions studied, sepsis and acute renal failure, the increase in recall can specifically be attributed to when PBC was initiated, indicating that PBC encouraged clinicians to more reliably add these problems to the electronic problem list. For acute respiratory failure, pneumonia, and venous thromboembolism, however, the higher post-PBC recalls appear to be due to increased secular trends in gradual recall even before PBC was initiated, suggesting that factors other than PBC contributed to the increased addition of these problems to the problem list. The post-PBC recalls for all diagnoses appeared to reach a ceiling in the 0.5-0.6 range, so it is possible that the PBC-specific effect on recall for acute respiratory failure, pneumonia, and venous thromboembolism were blunted due to higher pre-PBC recalls that already approached this observed ceiling. Importantly, precision (positive predictive value) of the analyzed diagnoses remained high in all cases, reflecting no trade-off in precision for the improved recall observed.
An accurate and succinct electronic problem list may have broad applications for helping clinicians organize and interpret clinical data for patient care, and informaticians utilize the EMR for research and innovation. Reviewing and documenting clinical data requires a high degree of cognitive synthesis by clinicians, which would be greatly aided by EMR interfaces that help organize the data in a clinically meaningful way. 17 The problem list is a natural form of such organization of otherwise highly unstructured and narrative clinical data, because it is already a component of the way many clinicians are trained to formulate diagnostic and therapeutic plans. 18 One example of how the PBC interface helps to improve organization of narrative clinical data is that it allows clinicians to sort past assessments and plan notes charted under the electronic problem list by clinical problem of interest, which may be particularly useful for extracting relevant information from long and complex patient charts. For example, PBC would enable a clinician interested in reviewing prior clinical assessments for only one particular problem in a patient with multiple comorbidities to select and view prior notes linked only to the diagnosis of interest in the electronic problem list, rather than requiring the clinician to manually sort through the large volume of otherwise irrelevant information accumulated in all of the patient's prior progress notes ( Figure 4 ). Informatics-oriented strategies for improving problem list accuracy have been described in the literature, including employing inference rules 12 and natural language processing. 19 These methods rely on using preprogrammed heuristics to process data in the EMR after they have been entered in some form by clinicians during patient encounters. For example, Wright et al. 10 described a set of inference rules for a predefined list of clinical diagnoses generated by a team of knowledge engineers and clinical experts that were used to generate problem list items from raw, unstructured EMR data. While these methods have indeed shown promise in improving problem lists, their reliance on predefined heuristics to process data in a post hoc fashion may limit their scope and applicability, and exposes them to inherent biases that affect the accuracy of the outputs. Clinicians undergo years of training and practice to learn how to synthesize highly messy and contextual data from clinical encounters, ranging from well-defined laboratory values to subtle aspects of a patient's history, into higher-order structured data, such as lists of diagnoses and problems to address. The process of creating and validating individual rules for each clinical diagnosis in an attempt to simulate how a human clinician thinks is resource-intensive and often imperfect, as it is difficult to incorporate into an algorithm the level of nuance and cognitive flexibility that clinicians employ when interpreting data. Further, these post hoc methods use only data that ended up being stored in the EMR and cannot, for example, process information about patients that may have been witnessed by clinicians during encounters but not documented, thereby resulting in possible systematic biases due to the retrospective nature of such methods. PBC, on the other hand, harnesses the direct cognitive power of clinicians to structure EMR data by creating a documentation interface that better enables the EMR to prospectively electronically capture the structured data that clinicians are already generating while taking care of patients. For example, PBC allows clinicians to electronically add, delete, and resolve problems on the problem list as they occur at the point of care as they are writing patient assessments, which can generate a highly granular temporal dimension for EMR data. Further, by having clinicians document directly under the electronic problem list, PBC enables them to electronically tag the narrative portions of clinical assessments with the corresponding diagnoses on the list. This feature of expertperformed labeling of narrative clinical data in real time at the point of care may have broad applications for EMR phenotyping. More observations were captured for every diagnosis from physician review than from the billing code list. Kappa statistics were in the moderate to substantial range.
20,21
It is important to note that our study was conducted in the ICU of an academic teaching hospital, a clinical setting with characteristics that may limit the successful adoption of PBC in nonteaching and non-ICU settings. In the Stanford ICU, both the house staff (the residents or fellows in training, who are primarily responsible for writing the initial notes for patient encounters) and supervising attending physicians are able to modify electronic problem lists. While we were unable to distinguish in our study whether electronic problem lists were modified by house staff or attending physicians, we suspect that much of the list management prior to the initiation of PBC was performed by attending physicians as they were reviewing house staff notes to assist in billing, while the increase in list utilization after PBC was likely primarily driven by the house staff, since under PBC they had to modify the list in order to complete the initial assessment and plan portion of the note. PBC may have a stronger effect on problem list utilization in nonteaching clinical settings, where attending physicians are typically responsible for writing the entire note, and, compared to attending physicians in academic institutions with house staff who perform most of the charting, may be more subject to time pressures limiting their ability to also update the problem list using traditional charting methods. Further, critical care clinicians are often trained to describe assessments by organ system rather than by problem, due to the complexity of disease states in critically ill patients, which is more difficult to chart with this version of PBC. For example, it would be more clinically meaningful to chart one composite assessment and plan for a patient with pneumonia who developed acute respiratory failure than to chart separately for each problem. A manual review of random patient charts in our study after the initiation of PBC indeed revealed that clinicians would often add one principal problem to the problem list, such as sepsis or acute respiratory failure, and chart the rest of the related diagnoses, such as pneumonia, using free text in the assessment and plan without separately adding it to the problem list. This workaround may blunt the effect of PBC on problem list utilization and accuracy, and could partially explain the progressive decrease in these metrics after the initial bump observed in our interrupted time series analysis, which may reflect decreasing clinician adherence to the use of PBC after its initial adoption in the ICU. These limitations, however, may not necessarily apply to non-ICU clinical settings, such as outpatient clinics, where clinicians are more likely to describe their assessments by clinical problem.
Limitations
There are several limitations to our study. While the interrupted time series analysis is a robust quasi-experimental design, it does not control for confounders that correlate temporally with our intervention. For example, a hospital-wide initiative to identify sepsis was initiated at Stanford around the time PBC was introduced in the ICU, which may have increased awareness of sepsis among clinicians and contributed to the dramatic rise in the inclusion of sepsis on electronic problem lists after PBC. Further, the billing code list, while extracted independently at the time of patient encounters by trained coders, is an imperfect independent reference standard. We found in our manual chart review that agreement between physician review and billing code list in detecting the 5 diagnoses was in the moderate to substantial range. Coders are trained to follow strict rules for extracting diagnostic codes, and therefore may miss diagnoses that were present during patient encounters because of how they were documented by clinicians, resulting in false negatives that may understate problem list precision. Indeed, more observations were captured for each diagnosis from physician review than from the billing code list among the 100 encounters we reviewed. There may also be false positives in the billing code list. Of note, the increase in problem list recall may be understated, because the billing code list includes diagnoses captured from the entire hospital encounter, including after transfer out of the ICU, while we expect PBC's effect on problem list utilization to be mostly in ICU diagnoses, since PBC was not enforced elsewhere in the hospital. Further, while coders do not directly use electronic problem lists to extract codes for billing code lists, they do use progress notes, which, under PBC, would contain elements of electronic problem lists that clinicians used for the chart and may bias problem list precision, but not likely recall. User satisfaction with PBC also needs to be explored in different clinical settings. Structured documentation templates in the EMR are typically less accepted by clinicians, since most value expressivity and flexibility in how they describe patients. 2 PBC, however, enables clinicians to chart the subjective and assessment . PBC allows for prior narrative components of clinician-generated assessments in a patient's chart to be linked to the relevant problem on the electronic problem list and organized in a longitudinal fashion. The example illustrates how a physician using PBC can select a problem of interest, such as hypertension, and view all prior written assessments for that problem in one window, rather than having to individually toggle through prior progress notes that may contain information irrelevant to the current clinical encounter.
portions of notes using free text, thereby preserving the components of notes that typically require expressivity, while allowing for the inherently structured components, problem lists, to be electronically structured in the EMR. We expect that PBC usability will be higher in clinical settings, such as outpatient clinics and general medicine wards, where clinicians are typically trained to think about patients by clinical problem, than in the ICU, where our study was based.
CONCLUSIONS
PBC is a readily available charting tool in commercially available EMRs that clinical institutions can adopt to improve the usage and accuracy of electronic problem lists. In doing so, institutions may be better positioned to unlock the informatics capabilities of their EMRs by enabling clinicians to connect narrative clinical assessments to structured electronic clinical data in real time at the point of care.
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